The premises upon which prevailing composite toughness theories are based are discussed in the light of observed strength variations in boron-epoxy composites with differing shear strengths of the interracial bond. None of the extant toughness theories (pull-out, debonding, stress redistribution) successfully predicts the work of fracture of the boronepoxy system. However, incorporation of the work to create new surfaces into the total toughness analysis gives better agreement with experiment, and work of fracture predictions for other sytems, such as carbon-polyester, can also be modified. The approach is more generalized than the Outwater/Murphy debonding explanation for toughness, which in the way usually presented only applies when the filament fracture strain is greater than the matrix fracture strain. The present analysis suggests how to tailor the interfacial shear strength in order to obtain a reasonable toughness yet still maintain strengths of the order of the rule of mixtures.
Introduction
shows the experimentally observed relationship between flexural strength and work of fracture for various surface conditions of boron filament in a boron-epoxy composite. The specimens were the Tattersall and Tappin 3-point bending "roof" design [1] , with 42~ volume fraction filaments. The interfacial strength was altered by coating the filaments with silicon vacuum grease in a carefully controlled manner. This process, and further mechanical property data, are to be the subject of a forthcoming publication.
An explanation for the behaviour shown in Fig. 1 led us to review the premises upon which prevailing toughness theories are based. Interpretation of the data depends on the complex inter-relations between tensile strength, ~r, interracial bonding shear strength, -r, and the composite fracture toughness, R.? As discussed in detail later, it is generally agreed that as -r decreases, R increases. Also, arguing solely from a Griffith "fracture mechanics" viewpoint, as R increases, ~r should also increase. However, considerations of "critical transfer length" and filament reinforcement potential, when taken alone, suggest that as ~-decreases (R increasing), cr also must decrease. The missing link in analyses is the precise (or, R) relation for this latter region.
Section 2 of this paper summarizes the extant theories for toughness in composites. None gives good numerical predictions for works of fracture in the boron-epoxy system (see Appendix). This has led to the consideration of additional contributions to toughness in terms of interfacial energies, in Section 3. The total works of fracture suggested by the new treatments are shown in the Appendix to give improved predictions for the boron-epoxy system and also for the carbonpolyester system, where the principal contributor to toughness is known to be pull-out. Section 4 takes the new analysis for total fracture work and gives an explanation for the behaviour shown in Fig. 1 . The conditions that give maximum toughness whilst retaining the rule of mixtures are discussed. Section 5 considers the analysis from the design point of view. *Present address: Combustion Engineering, Chattanooga, Tennessee, USA fThroughout this paper, the local specific work of fracture referred to one side of the transverse crack (R) is employed and not the fracture work divided by twice the area (commonly called 7), because of the relationships with generalized cracking theories and "fracture mechanics". For example, R may be identified with Gc or Ke2/E, etc. R and 7 are related, of course, by R = 27. 
Present toughness theories
The mechanisms of "pull-out", "debonding" and "stress redistribution" have so far been put forward to explain the origins of toughness in brittle filament/brittle matrix composites. Analyses bring out the interplay between factors such as interfacial bonding strength and the fracture strength (a~), volume fraction (v~), diameter (d) and Young's modulus (EO of the filaments, giving the relative importance of these parameters in establishing criteria for tough composites.
2.1, Pull-out
The pull-out theory of Cottrell and Kelly (see, for example [2] ) attributes the work of fracture to frictional work in pulling broken filaments out of the matrix after fracture. With the assumptions that (i) filaments break randomly, (ii) the original shear strength of the filament/matrix bond is maintained during pull-out and (iii) there is negligible gross plastic flow in the matrix, the specific work of fracture may be expressed as follows: 448 
Debonding
Outwater and Carnes in 1967 developed a different mechanism of toughness specifically for fibreglass systems (see for example Outwater and Murphy [4] , by whose names the theory is normally called). Here they attribute the work of fracture to filament debonding, which in fibreglass composites is shown by the relevant areas turning milky. The fracture strain of typical glass filaments is somewhat greater than the fracture strains of typical matrix materials. Glass filaments can thus stretch as a matrix crack passes round them, as shown schematically in Fig. 2 . The additional strain energy in the stretched filaments is the source of debond work for glass-resin systems. Debonding progresses until the fracture stress of the stretched filaments is reached.
For reasons that will be apparent later, let us consider the mathematical formulation of the where the filament fracture strain is greater than the matrix fracture strain, and where the strain energy of the stretched filaments is the source of debond work. No debonding takes place until the crack passes bY the filaments.
